Biodiesel produced from rapeseed oil was used as a cost-effective and sustainable agent to enhance crude oil biodegradation in sand microcosms. The initial concentration of crude oil and total petroleum hydrocarbon (TPH) was 20,000 and 18,750 mg/kg, respectively. The mass ratio of biodiesel to crude oil was 0 (designated T1), 1:10 (designated T2), 1:4 (designated T3), and 1:2 (designated T4).
Fernández-Álvarez et al. ; Pontes et al. ) . However, microbial density in beach sands is generally much lower than that in soils. Moreover, weathered oil attached to sands has low water solubility, resulting in low bioavailability of oil. Thus, bioremediation of oil spill in beach sands is limited under actual field conditions (Prince ).
Biodiesel is cheap, non-toxic and readily biodegradable, and has good dissolution ability towards petroleum.
Recently, some studies have been conducted on decontamination of petroleum-polluted beaches using biodiesel in laboratory and field tests. For example, Pereira & Mudge () used biodiesel as a solvent to clean oiled shorelines and they found that the cleaning efficiency was positively correlated with the dosage of biodiesel. However, such an operation would leave a large amount of biodieselpetroleum mixture in the field, and the consumption of biodiesel was too high. In a field test, Fernández-Álvarez et al. (Ng et al. ) . Despite several promising publications, however, the current research concerning the application of biodiesel to clean oil-polluted shorelines showed some limitations, such as high demand of biodiesel and high amount of residue.
Biosurfactants have been widely reported to improve petroleum hydrocarbons' biodegradation in wastewater, contaminated soil, and marine environments (Souza et al. ) . Biosurfactants promote the cracking of hydrocarbons' molecules by micelle formation, increasing their mobility, bioavailability, and exposure to bacteria, thus favoring hydrocarbon biodegradation (Souza et al. ) . However, the production of biosurfactants generally requires light hydrocarbon, which is scarce in weathered oil. Thus, the application of biosurfactants for enhancing oil removal in situ is limited.
The purpose of this work was to develop a bioremediation process for crude oil-polluted shoreline in a simulated system that was based on the use of a combination of seeded bacterial degraders, nutrients, biosurfactant producer, and biodiesel.
MATERIALS AND METHODS

Materials
Sea sand (diameter 0.16-0.08 mm) was collected from Hangzhou Bay, China. The physicochemical characteristics of the sand on a dry weight basis were as follows: gravel 0.16%, sand 89.52%, silt/clay 10.32%, total N 3.15 mg/kg, total P 0.73 mg/kg, and total K 54.2 mg/kg. The water holding capacity of the sand was 20.3%. The sand was sequentially soaked in 1 M NaOH for 20 min, 0.5 M HCl for 10 min, rinsed with sterile water, and then autoclaved (121 W C for 20 min) before use.
Crude oil was obtained from Shengli Oilfield, China. Biodiesel, produced from rapeseed oil, was purchased from a local supplier in China. The density and kinetic viscosity at 20 W C were 0.862 g/cm 3 and 5.9 mm 2 /s, respectively.
Microorganisms
Bacterial consortium, assigned W16, had been previously isolated from soil polluted with crude oil under aerobic conditions using crude oil as the sole carbon and energy source.
Briefly, 5 g crude oil-contaminated soil was added to 100 mL of mineral salt medium (MSM) with 1 g crude oil as the sole carbon source, supplemented with 0.1% (w/v) yeast powder.
The MSM was prepared according to Bao et al. () . After 2 weeks of incubation, 5 mL of the supernatant were transferred to 100 mL of fresh medium with 1 g crude oil, incubated for another 2 weeks. All flasks were incubated at 30 W C with a shaking rate of 150 rpm on a rotary shaker.
This procedure was repeated three times and then the consortium was obtained.
The bacterial species in the consortium were identified using 454 pyrosequencing and gene clone library approaches following the description of Wang et al. () .
The consortium mainly contained species belonging to the following bacterial groups: Alcanivorax spp., Oleispira spp., Cycloclasticus spp., Achromobacter sp., Alcaligenes sp., Citrobacter sp., Pseudomonas sp., Pseudomonas aeruginosa, Variovorax sp., Comamonadaceae, Rhodococcus sp., Sphingomonas yanoikuyae, Caulobacter sp.
The consortium was stored at À80 W C in 30% (v/v) glycerol. To activate the microbes and prepare an inoculum, stock suspension (1 mL) was transferred to a 250 mL Erlenmeyer flask containing 50 mL MSM and diesel oil (0.5%, v/v).
The flask was incubated for 2 days at 28 W C at 150 rpm.
Then, 1 mL aliquot of the cell suspension was transferred to new medium and the culture was grown for 4 days under the same conditions. This step was repeated three times and cells from the last culture were harvested by centrifugation at 12,250 g for 5 min at 4 W C. The pellet was washed twice with mineral medium and resuspended in mineral medium to reach an initial cell density equaling about 1.6 × 10 8 colony-forming units (CFU) per mL of medium. In all procedures aerobic conditions were applied.
Experimental setup
To prepare oil-polluted sand, 2.0 g weathered crude oil was dissolved in 25 mL petroleum ether, and then added into 100 g of dry sand. The mixture was stirred using a glass rod until no liquid could be observed, and then dried for 3 days in a fume hood.
Each 1-L glass jar was charged with the following materials at the onset of the experiment: 100 g of oil-polluted sand, biodiesel, nutrients and/or inoculum at their appropriate concentrations. In this study, five microcosms were set up in triplicate as follows: (1) During 80 days of experimental period, the microcosms were maintained at controlled temperature (28 ± 2 W C) and shielded from light. The microcosms were stirred every day with a glass rod to homogenize the systems. The microcosms were watered with sterile water every 4 days to maintain sand moisture at 20-22% by weighing. To lessen heterogeneity as much as possible, the sands in each jar were homogenized every 2 days with a nickel spatula in a superclean bench.
Oil extraction and analysis
For oil analysis, the sand in each jar was homogenized and then 10 g of sample was taken at regular interval. The (1):
where R is the removal ratio, C 0 is the initial concentration, C t is the residual concentration at time t (day), and t is time.
Biochemical assay
Total aerobic heterotrophs were determined by the spread plate technique in nutrient agar medium after 24 h of incubation at 30 W C. Results were expressed as CFU/g sand.
Dehydrogenases activity (DHA) was measured using tri- 
Biodegradation of hydrocarbon fractions
To further understand the biodegradative differences in various microcosms, light (C14-C21), heavy (C22-C35), and
PAHs fractions in crude oil across all treatments over 80 days were analyzed by gas chromatography-mass spectrometry (GC-MS).
As shown in Figure 2 At day 20, the removal ratio of the heavy fraction was 9.6, 11.8, 13.2, and 5.5% in T1, T2, T3, and T4, respectively (Figure 2(b) ). The degradation of the heavy fraction began to speed up and more than 60% removal was obtained within 50 days (Figure 2(b) ). High removal levels of aliphatic compounds were seen with the light fraction relative to heavy ones. This is due to the fact that short-and medium-chain alkanes are generally more easily biodegraded due to their lower hydrophobicity. At day 80, the removal ratio of the heavy fraction was 72.4, 81.3, 89.6, and 75.3% in T1, T2, T3, and T4, respectively (Figure 2(b) ).
At day 20, the removal ratio of PAHs was 9.6, 11.8, 13.2, and 5.5% in T1, T2, T3, and T4, respectively (Figure 2(c) ). strates caused by dilution effect. As a result, the overall degradation of petroleum hydrocarbons would be reduced.
Moreover, too high a dosage of biodiesel may lower TPH degradation due to competitive inhibition of substrates for microbes.
Microbial growth evaluation
The growth of the degrading microorganisms was assessed by the spread plate technique in the sand bioremediation DHA and TPH removal efficiency (Figures 1 and 4) . The observed increment in DHA after the start of treatment was related to the increased substrate conversion and mineralization due to nutrient stimulation (Lu et al. ) .
Moreover, in this study, the reduction of DHA at the later stage of bioremediation could be due to the accumulation of toxic intermediates, recalcitrant high-branched aromatics, and condensates. It was deemed that DHA indicates the onset of biodegradation but decreases rapidly after the biodegradation rate has declined (Lu et al. ) .
Polyphenol oxidase (PPO) activity
PPO is one of the most important oxidoreductases in soil involved in the conversion of aromatic organic compounds (Sheng & Gong ) . Figure 5 shows variations in PPO activity over the 80-day period. As shown, the changing trend of PPO activity was similar to that of PAHs degradation.
The initial value of PPO activity was 45.3 μg PPG/h/g sand ( Figure 5 ). PPO activity was relatively lower in the initial period, which increased remarkably after 30 days of incubation. The addition of biodiesel increased PPO activity.
PPO activity was highest in T3 at day 60, with the value of around 136.5 PPG/h/g sand and this value was about 1.4 times that in T1. In the later period, PPO activity declined with time in all microcosms. T3 showed higher PPO activity than T4 at most times, although the latter had higher density of degraders than the former. This indicates that PPO activity is not always positively correlated with the number of degraders during bioremediation. In fact, microbial enzyme activity depends on many factors, such as microbial number, substrate induction, inhibitory substances, etc.
Microtoxicity
Microtoxicity assay provides a rapid, economical toxicity measurement to evaluate the response of luminescent bacteria to chemical substances in water, soil, and sediments. 
Biodegradation kinetics
In general, TPH biodegradation is assumed to be a firstorder reaction with respect to TPH concentration, ignoring microbial density (Suja et al. ; Xia et al. ) . The kinetic expression can be expressed by the following equation:
where C 0 and C t are the initial and residual TPH concentration (mg/kg) at time t (day), respectively; k denotes the observed pseudo first-order rate constant (day À1 ). In fact, it is difficult to reach 100% biodegradation efficiency of TPH due to various limitations. Therefore, Equation (2) is modified as Equation (3):
where b is the variation coefficient to the ideal first-order kinetic (1.0 denotes the ideal first-order kinetic, the larger 
